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Abstract
The relativistic effects of the integer-spin quantum field theory imply that the wave
functions describing a fixed number of particles do not admit the usual probabilistic inter-
pretation. Among several most popular interpretations of quantum mechanics applied to first
quantization, the only interpretation for which this fact does not lead to a serious problem,
and therefore the only consistent interpretation of first quantization, is the de Broglie–Bohm
interpretation.
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Recently, Zeh argued that “there is no first quantization” [1], i.e. that true quantum theory is
“second” quantization, known also under the name quantum field theory (QFT). According to
this paradigm, particles appear as small localized objects not because the fundamental objects
are quantized pointlike objects called particles, but rather due to decoherence caused by local
interactions between fields.
In this Letter we present further arguments against first quantization, by emphasizing that
the usual postulates and interpretations of quantum mechanics (QM) applied to first quanti-
zation are inconsistent with relativistic QFT. Specifically, we consider the Copenhagen inter-
pretation, the minimal probabilistic interpretation, the consistent-history interpretation, the
Everettinterpretation and the de Broglie–Bohm interpretation, and emphasize that all these in-
terpretations except the last one require one of the basic postulates of QM: the existence of a
quantity that can be naturally interpreted as a probability. On the other hand, from relativistic
QFT it follows that this postulate cannot be applied to wave functions that describe a fixed
number of particles. Therefore, as far as only first quantization is considered, only two points
of view seem to be consistent. One consistent point of view is that decoherence is the best we
can say about the problem of measurement. (The decoherence paradigm [2, 3, 4, 5] is not an
interpretation at all; decoherence is a physical phenomenon for which there are no doubts that
it occurs in nature.) The other consistent point of view is the de Broglie–Bohm interpretation
[6, 7, 8, 9, 10] formulated in a form in which both the fields and the particle trajectories are
physical entities that objectively exist [11, 12].
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Before discussing various interpretations of QM, let us first state a few basic phenomeno-
logical rules of QM that are experimentally confirmed and thus should be consistent with any
consistent interpretation, at least in the cases for which the experimental confirmation exists.
Let X denote some set of the degrees of freedom, say positions of n particles. Assume that a wave
function ψ(X, t) can be rewritten in terms of some functions ψi(X, t) as a linear combination
ψ(X, t) =
∑
i
ci(t)ψi(X, t), (1)
where ci(t) are complex coefficients. Assume also that a unitary scalar product ( , ) of wave
functions can be defined such that
(ψi, ψj) = δij , (2)
independently of time t. Assume further that there exists a hermitian operator Aˆ acting on the
X-space, such that
Aˆψi(X, t) = ai(t)ψi(X, t), (3)
where ai(t) are real functions. If all these assumptions are fulfilled, then we can apply the
following rules:
1. Aˆ represents an observable and the probability of finding the system at time t to have the
value ai(t) of the observable Aˆ is equal to |ci(t)|
2.
2. If the sistem is found to have the value ai of the observable Aˆ at time t, then the proba-
bilities at later times should be calculated by replacing ψ with ψi.
Note that, by stating the rules above, we do not claim that the mentioned assumptions are
fulfilled. Instead, we merely state what we may conclude if they are fulfilled. These rules say
nothing about the case in which the mentioned assumptions are not fulfilled.
Let us now shortly discuss particular interpretations. (A more detailed review of all most
popular interpretations of QM can be found in [13].) All these interpretations are attempts
to formulate fundamental principles valid in all physically possible cases from which the phe-
nomenological rules above can be derived.
We start with the Copenhagen interpretation. The claim that |ci(t)|
2 represent probabilities
is one of its fundamental postulates. This postulate implies that a unitary scalar product with
the property (2) must exist, which is related to the fact that probabilities cannot be negative and
that the sum
∑
i |ci(t)|
2 of all probabilites, at each time, must be equal to 1. Another fundamental
postulate says that, in the process of measurement, the wave function ψ “collapses” into ψi, i.e.
after the measurement the wave function becomes equal to ψi.
The minimal probabilistic interpretation avoids the introduction of a notorious wave-function-
collapse postulate [13]. However, similarly to the Copenhagen interpretation, it postulates that
|ci(t)|
2 represent probabilities, which implies that a unitary scalar product with the property
(2) must exist.
The basic objects in the consistent-history interpretation [14, 15, 16] are sequences of pro-
jection operators at different times – called histories. The consistent-history interpretation
generalizes the usual rules for calculating probabilities in QM by postulating the rules for cal-
culating the probabilities of histories. Therefore, the consistent-history interpretation also relies
on the assumption of the consistency of the probabilistic interpretation.
The Everett relative-state interpretation [17, 18] (some variants of which are also known un-
der the name “many-worlds interpretation” [19]) avoids a postulation of an a priori probabilistic
interpretation. The only fundamental postulate in this interpretation is the usual causal evolu-
tion of the wave function. Therefore, this is a completely deterministic theory. However, this is
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not a deterministic theory of observables. Instead, this is merely a deterministic theory of wave
functions. Therefore, in this interpretation, the explanation of the rule that |ci(t)|
2 represent
the probabilities is a very controversial subject [19]. In order to explain it, some researchers use
rather indirect and vague arguments [17, 20] or base their arguments on additional assumptions
[21, 22, 23], while others conclude (in our opinion, correctly) that the probabilistic rule cannot
be explained in the framework of the Everett interpretation [24, 25, 26]. What is even more
important for our discussion, all existing arguments for the probabilistic rule are based on the
assumptions that we mentioned before expressing this rule. In the framework of the Everett
interpretation, it is not clear at all how one might, even in principle, calculate the probabilities
when these assumptions are not fulfilled.
The de Broglie–Bohm (dBB) interpretation [6, 7, 8, 9, 10] is a deterministic nonlocal hidden-
variable interpretation. In contrast with the Everett interpretation, it is not only a deterministic
theory of wave functions, but also a deterministic theory of observables. In the case of nonrela-
tivistic first quantization, its basic postulate is that the particle velocities are given by (we take
h¯ = 1)
V =
1
m
∂XS(X, t), (4)
wherem is the mass of a particle and S is the phase of the wave function ψ(X, t) = R(X, t)eiS(X,t).
No additional assumption is required for the properties of ψ(X, t). Instead, it is rather a pre-
diction of this theory that if ψ satisfies the usual nonrelativistic Schro¨dinger equation of the
form
−
∇2ψ
2m
+ U(X)ψ = −i∂tψ, (5)
which provides that
d
dt
∫
d3nX |ψ(X, t)|2 = 0, (6)
then the statistical distribution of particles ρ is given by
ρ(X, t) = |ψ(X, t)|2 (7)
for every t, provided that at an initial time t0
ρ(X, t0) = |ψ(X, t0)|
2. (8)
Eq. (8) is also often postulated as one of the fundamental postulates of the dBB interpretation,
but this postulate is not really necessary. Instead, one can show that if (5) is satisfied and the
interactions are sufficiently complex, then the distribution (7) is the most probable [27, 28] (see
also [29, 30]).
It is, of course, well known that the probability distribution (7) is a special case of the general
quantum mechanical rule for calculating probabilities explained above. This is most easily seen
by writing (1) as
ψ(X, t) =
∫
d3nX ′ ψ(X ′, t)δ3n(X ′ −X). (9)
The scalar product is
(ψi, ψj) =
∫
d3nX ψ∗i (X, t)ψj(X, t), (10)
which is time independent, owing to (5). Since the quantity (ψi, ψi) is positive definite, the
functions ψi can be chosen such that (2) is satisfied. Therefore, we see that the dBB interpre-
tation explains, rather than postulates, the rules for calculating probabilities that particles are
at certain positions.
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Now consider relativistic QM. In a relativistic generalization of the Schro¨dinger equation, the
wave function of a single free particle with an integer spin satisfies the Klein-Gordon equation
(we take h¯ = c = 1)
(∂2t −∇
2 +m2)ψ(x, t) = 0. (11)
It is well known that, owing to the second time derivative in (11), ψ does not satisfy (6).
Therefore, the quantity |ψ|2 cannot be interpreted as a probability density. If, in (6), |ψ|2 is
replaced by j0 ≡ i(ψ
∗∂tψ − ψ∂tψ
∗), then such a modified Eq. (6) is satisfied. However, the
density j0 is not positive definite, so it cannot be interpreted as a probability density either.
The time-independent scalar product is
(ψi, ψj) = i
∫
d3x(ψ∗i ∂tψj − ψj∂tψ
∗
i ). (12)
The quantity (ψi, ψi) is not positive definite, which is in contradiction with the assumption (2).
A consistent interpretation of ψ is given by second quantization, i.e. QFT (see e.g. [31]). In
QFT, (11) becomes an equation for the operator ψˆ. The quantity ψ is not a wave function
but an observable attributed to the operator ψˆ. The wave functional Ψ[ψ(x), t] determines
probabilities of these observables according to the usual quantum mechanical rule. An n-particle
wave function can be defined as a matrix element of the form 〈0|ψˆ(x1, t) · · · ψˆ(xn, t)|Ψ〉. From
Eq. (11) applied to ψˆ one can see that wave functions satisfy multiparticle generalizations of
(11), which are equations with the second time derivatives.
Now we see that interpretations of first quantization that contain the probabilistic inter-
pretation as one of its fundamental postulates are not consistent. One can propose that such
interpretations are valid only in the case when the relativistic effects are negligible, but in that
case, such interpretations cannot be viewed as fundamental principles. Instead, they should
be consequences of some more fundamental principles. If one postulates that the probabilis-
tic interpretation is fundamental only at the level of wave functionals of QFT, then, even in
the nonrelativistic limit, it does not follow at all from this interpretation that the probabilistic
interpretation can be applied at the level of n-particle wave functions.
There are 3 possible ways to cope with this problem. The first approach is to take the
rules of first quantization as unfundamental phenomenological rules valid only under restricted
conditions, without wondering about the true reasons why these rules are valid. The second
approach, probably the most popular one at the moment, is to view these rules as consequences
of the decoherence at the level of true quantum degrees of freedom – fields [1]. This approach
is so popular because it explains, rather than postulates, how the quantum interaction with
a sufficiently complex environment forces the state of a system to “collapse” to a state that
corresponds to a diagonal (i.e. classical) density matrix, using only the properties of solutions of
the Schro¨dinger equation or any of its generalizations. However, as admitted by most experts for
decoherence, it does not explain the “collapse” of the wave function. In other words, decoherence
explains why we can use classical statistics to statistically describe the outcome of quantum
measurements, but it does not explain why and how the measured observables take definite
values.
The third possible approach is the dBB interpretation. Actually, it is important to emphasize
that the usual form of the dBB interpretation [6, 7, 8, 9, 10] applies the dBB interpretation
either to particles or to fields, not to both. In fact, it is often interpreted as a theory in
which, at a fundamental level, bosons are fields and fermions are particles. However, in a recent
variant of the dBB interpretation both the fields and the particle trajectories simultaneously
exist as objective entities [11, 12]. (A similar variant of the dBB interpretation is presented
also in [32], but with an important difference that, contrary to the variant in [11, 12], it is not
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relativistic and completely deterministic.) Therefore, the dBB interpretation can be formulated
such that the usual rules for calculating probabilities in nonrelativistic first quantization can be
derived from more fundamental principles that respect the relativistic effects. For a known wave
function, in general, it is not so easy to calculate the probabilities of particle positions, except
in the nonrelativistic limit. However, these probabilites can be calculated in principle from the
deterministic theory of particle trajectories determined by a relativistic generalization of (4). In
this sense, the relativistic generalization of the dBB interpretation of QM is able to give testable
predictions on certain relativistic quantum phenomena on which the conventional theory does
not give any prediction at all.
We also want to emphasize that two consistent points of view: the decoherence paradigm
and the dBB interpretation – are not two competitive points of view. Instead, the decoherence
is an important ingredient of the dBB interpretation, without which the dBB interpretation
cannot explain the usual rules for calculating probabilities. To see why, note first that the dBB
interpretation predicts the distribution of momenta to be given by
ρ(P, t) =
∫
d3nX |ψ(X, t)|2δ3n(P − ∂XS(X, t)), (13)
which, in general, is not equal to the quantum mechanical distribution |ψ˜(P, t)|2 [where ψ˜(P, t)
is the Fourier transform of ψ(X, t)]. However, this problem resolves when the general theory
of quantum measurements in the dBB interpretation [6, 7, 10] is taken into account. This
theory of measurements has much in common with the theory of quantum measurements based
on decoherence, which is perhaps the clearest from the presentation in [10]. In a way, the
dBB interpretation can be viewed as a completion of the theory of measurements based on
decoherence, because the dBB interpretation uses the basic ideas of decoherence, but at the
same time provides an answer to the question that decoherence by itself cannot answer, namely
why and how observables take definite values.
By taking into account the relativistic effects in free QFT, in this Letter we have discredited
all discussed interpretations of first quantization, except the dBB interpretation. Although it
is not the aim of this Letter to discuss in detail the effects of field interactions, we note that
the linearity of the Schro¨dinger equation is also one of the fundamental postulates in some
interpretations of QM. On the other hand, the wave functions that result from interacting QFT
do not satisfy linear equations. These nonlinearities do not lead to any fundamental problem in
the dBB interpretation of first quantization [11, 12].
To conclude, we repeat that among several most popular interpretations of QM we discussed,
only the dBB interpretation can be applied to first quantization, because other interpretations
rely on assumptions that are not really satisfied. Therefore, if any of these interpretations of
first quantization is consistent, it can only be the dBB interpretation. Of course, it is possible
that some other interpretations of first quantization, not considered in this paper, are also
consistent. In particular, it is certainly possible that some other deterministic hidden-variable
interpretations, more complicated than the dBB interpretation, are consistent. However, it was
not possible to discuss all existing interpretations, so the discussion of this Letter is restricted
to the most popular ones.
This work was supported by the Ministry of Science and Technology of the Republic of
Croatia under Contract No. 0098002.
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